dexamethasone and 100 μM D-luciferin. Dishes were covered with 40 mm glass coverslips (Fisher Scientific) and sealed with vacuum grease to prevent evaporation. The luminescence signals of reporter cells were monitored every 10 min using a LumiCycle luminometer (Actimetrics) at 37°C without added CO2. The circadian period was calculated using the LumiCycle software (Actimetrics). In all circadian assays, the results shown are representative from at least three independent experiments.
Co-immunoprecipitations and Western Blotting. HEK 293T cells were transfected with 1 μg of plasmid expressing BMAL1-FLAG (Bmal1-Flag/p3F), CLOCK-FLAG (Clock-Flag/pcDNA3-intron), PER1-FLAG (Per1-Flag/p3F), PER2-FLAG (Per2-Flag/p3F), CRY1-FLAG (Cry1-Flag/p3F), CRY2-FLAG (Cry2-Flag/p3F), EGFP-FLAG (EGFP-Flag/p3F) or HA-HNF4A2 (HA-HNF4A2/pcDNA3-intron), in 12-well plate format. 40 hours post transfection, cells were washed twice with cold PBS and incubated on ice for 15 min in 100 μl lysis buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.5% NP-40) containing 1x EDTA-free protease inhibitor cocktail (Roche) and 1 mM DTT. After centrifuging at 13,000 rpm for 15min, the supernatant was collected and stored at -80°C. Cell lysates overexpressing a Flag-tagged core clock gene and HA-tagged HNF4A2 were mixed and incubated at 30°C for 2 h. Simultaneously, 10 μl of Dynabeads Protein G (Invitrogen cat. #10004D) was incubated with 2 μg anti-FLAG monoclonal antibody (F1804, Sigma) at 4°C for 2 h. After three washes, the Dynabeads were incubated with the lysate mix at 4°C for another one hour. IPs were washed three times with wash buffer (50 mM Tris-HCl pH 8.0, 50 mM NaCl, 1% NP-40, 2mM EDTA, 10% glycerol) containing 1x EDTA-free protease inhibitor cocktail (Roche) and 1 mM DTT. Dynabeads were boiled in SDS sample buffer containing 5% β-mercaptoethanol. Western blot analyses were performed as previously described (10) . Antibodies used in the western blots are: polyclonal anti-FLAG (F7425, Sigma) and anti-HA-Peroxidase (12013819001, Roche).
For endogenous co-immunoprecipitations, HepG2 cells were cultured to reach 80-90% confluency in 10 cm culture dish, rinsed twice with cold PBS and lysed in 1ml lysis buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.5% NP-40) containing 1x EDTA-free protease inhibitor cocktail (Roche) and 1 mM DTT, by keeping on ice for 30 min. After centrifuging at 13,000 rpm for 15min, the supernatant was collected and stored at -80°C. The immunoprecipitations were performed by incubating 400 μl HepG2 lysate with mouse IgG (ab18413, abcam), anti-mCRY1 (epitope: residues 506-606) or anti-mBMAL1 (epitope: residues 456-632) generated by Superview Biotechnologies Co. Ltd., Jiangsu, China. overnight at 4°C. 20 μl Dynabeads Protein G (Invitrogen cat. #10004D) was added to the lysate-antibody mix and incubated for another 2 h. IPs were washed three times with wash buffer (50 mM Tris-HCl pH 8.0, 50 mM NaCl, 1% NP-40, 2mM EDTA, 10% glycerol) containing 1x EDTA-free protease inhibitor cocktail (Roche) and 1 mM DTT. Dynabeads were boiled in SDS sample buffer containing 5% β-mercaptoethanol. Western blot analyses were performed as previously described (10) . Antibodies used in the western blots are: anti-mCRY1 (epitope: residues 506-606), anti-mBMAL1 (epitope: residues 456-632) and anti-HNF4A (ab181604, abcam).
Quantitative RT-PCR.
Male C57BL/6 mice were purchased from Jackson Laboratories (Bar Harbor, ME, USA) and group-housed at the Animal Facility of University of Southern California (USC). Mice were housed in a 12-h light/12-h dark (LD) cycle with continuous access to food and water for at least 2 weeks before study. All animal care and experiments were performed under the institutional protocols approved by the Institutional Animal Care and Use Committee (IACUC) at USC.
Liver, pancreas and colon of 8-to 10-week-old male C57BL/6 mice were harvested in 4-h intervals over the course of 24 hours. Total RNA was isolated using TRIzol Reagent according to the manufacturer's instructions (Life Technologies cat. #15596026), and then reverse transcribed to cDNA by using iScript cDNA Synthesis kit (Bio-Rad cat. #1708891). We designed the real-time primers spanning the exon-intron junctions using the IDT primer-designing software PrimerQuest (https://www.idtdna.com/PrimerQuest). Primer sequences are:
Rplp0: forward GGCCCTGCACTCTCGCTTTC, reverse TGCCAGGACGCGCTTGT; Cry1: forward GGGCTGGATCCACCATTTAG, reverse TCAAAGACCTTCATCCCTTCTTC; Cry2: forward GATGGAGGTTCCTACTGCAATC, reverse CAGCCTTGGGAACACATCA; Per2: forward GAGTGTGTGCAGCGGCTTAG, reverse GTAGGGTGTCATGCGGAAGG; Hnf4a: forward GTTCTGTCCCAGCAGATCAC, reverse GCTCCTTCATAGACTCACACAC; Bmal1: forward CCCTAGGCCTTCATTGGATTT, reverse GCAAAGGGCCACTGTAGTT.
RT-qPCR analyses were performed as described previously (3) with CFX384 Real-Time PCR Detection System (Bio-Rad).
HNF4A ChIP-seq. ~ 50 mg of blood perfused liver tissue were dissected from C57BL/6J mice, snap frozen in liquid nitrogen and stored at -80°C. Frozen liver tissues were minced in ice-cold PBS using razor blades into 1 mm cubed, and then homogenized by pushing through 1.5-inch 18G needle for 10 times and then 1.5-inch 21G needle for 20 times. Homogenized cells were immediately crosslinked with 1% formaldehyde for 10 min. The crosslink was quenched by adding glycine to a final concentration of 125 μM. After two washes with cold PBS, the nuclei were lysed in 150 μl nuclear lysis buffer (50 mM Tris-HCl pH 8.0, 1% SDS, 10 mM EDTA) containing 1x EDTA-free protease inhibitor cocktail (Roche), by keeping on ice for 5 min. Immediately, to fragment the chromatin, the lysates were sonicated 17 times for 30 sec by using Bioruptor (Diagenode). After centrifuged at 17,000 rpm for 15 minutes at 4°C, the 150 μl fragmented chromatin was diluted 10-fold with IP dilution buffer (20 mM Tris-HCl pH 8.0, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA) supplemented with 1x EDTA-free protease inhibitor cocktail, and then incubated with 7 μg anti-HNF4A (abcam cat. ab41898) overnight at 4°C. 100 μl of Dynabeads Protein G (Invitrogen cat. #10004D) was added to the chromatin and incubated for another 3 h. Afterwards, the beads were washed once with low salt wash buffer (20 mM Tris-HCl pH 8.0, 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 2 mM EDTA) and once with high salt wash buffer (20 mM Tris-HCl pH 8.0, 500 mM NaCl, 1% Triton X-100, 0.1% SDS, 2 mM EDTA). 200 μl of IP elution buffer (1% SDS, 100 mM NaHCO3) was applied to the bead pellet and incubated at 30°C for 15 min. The eluate was added with 5M NaCl to final conc. of 200 mM and reverse-crosslinked at 65°C overnight. To remove RNA and protein, RNase A and proteinase K were subsequently applied by incubating at 45°C for 1 h. Finally, we diluted the DNA with 5 volumes of Qiagen buffer PB (QIAquick PCR Purification Kit) and purified with QIAquick PCR Purification columns. We eventually resolved our DNA fragments in 30 μl Qiagen Buffer EB.
ChIP-seq Library Construction and Processing.
We had assistance from the NGS and Microarray Core Facility at The Scripps Research Institute, La Jolla, in sequencing library construction and processing. For library preparation, 2 ng of each sample was prepared using the NEB Ultra DNA Library Prep Kit for Illumina following manufacturer's instructions. Each library was dual size selected with 0.55X and 0.14X Ampure beads followed by PCR amplification with Kappa HiFi 2x PCR mix (15 cycles). PCR product was then quantitated using the Qubit (Thermo Fisher) and BioAnalyzer (Agilent BioAnalyzer 2100) to determine library quantity. Libraries were then gel purified on a 2% agarose gel to remove secondary PCR amplification artifacts, quantitated on the Qubit and loaded onto a NextSeq 500 (Illumina) flow cell for 1 x 76 base single-end sequencing. Approximately 20M reads were generated for each sample.
Bioinformatic Analysis.
ChIP-seq tags of HNF4A were aligned against the reference mouse genome mm9 using Bowtie2 and the peaks were called for each time-point using PePr (6) . CLOCK, BMAL1, CRY1 and CRY2 mapped reads were obtained from GSE39977 and the peaks were called using MACS1.4 (7) . bedGraph tracks and motif analyses were obtained or performed using HOMER (8) .
Overlapping peaks were identified using BEDOPS (9) and the Chow-Ruskey diagram was generated using the R package Vennerable (Swinton, 2011) . HNF4A ChIP-seq data at ZT4 and ZT16 have been deposited in NCBI GEO under accession number GSE118007. Relative luminescence Figure S1 . HNF4A activity is not affected by the core clock components. (related to Figure 1 ) HEK 293T cells were co-transfected with luciferase reporter gene driven by a tandem consensus sequence of HNF4A binding sites (TGGACTTTGAACTaaaTGGACTTTGAACTaaaTGGACTTTGAACTaaaTGGACTTTGAACT), HNF4A, CLOCK:BMAL1, and increasing amounts of CRY1 plasmid (n = 3 for each condition, mean ± SD). Figure S11 . CLOCK:BMAL1 and HNF4A co-occupy binding sites at core clock genes.
(related to Figure 6 ) Peaks that have E-box or HNF4A motifs are indicated.
